INTRODUCTION
There have been plans, in recent years, to exploit offshore wind energy on a large scale. There are large sea areas with stronger and steadier wind as compared to land sites. This is a good motivation for the wind industry to move towards offshore wind. However, most of the offshore wind resource potential in many countries are found at water depths above 60 m [1] . It is costly to use fixed structures to mount wind turbines for the deeper water depths [2] . It is, therefore, of vital interest to explore the use of floating platforms for mounting wind turbines to harness these wind resources that are available at deep waters. These systems are termed as floating wind turbines (FWTs). A FWT is specifically designed to produce power from offshore wind resources in intermediate to deep waters. There have been various FWT concepts proposed in recent years. These include the spar, semi-submersible and tension-leg platform concepts. Understanding the response characteristics of the FWT system under environmental conditions is important for its design, operation and survival. The design of the FWT demands coupled time domain analysis that considers aerodynamic, hydrodynamics, structural dynamics and control systems [3] .
The spar-type FWT, which is the same concept as the Statoil's Hywind spar [4] and the OC3 spar [5] , is studied in this paper. This concept is currently the most well studied FWT with numerous aero-hydro-elastic-servo response analyses performed [3, 6, 7, 8, 9] . Furthermore, the Statoil Hywind spar has been built to full scale and installed in southern Norway.
These previous studies have focused on the global responses. The internal drivetrain dynamics were not considered. On the other hand, there have also been studies on the internal drivetrain dynamics of land-based wind turbines (WTs) in recent years [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] . Studies on FWT drivetrain are lacking in the public domain. Deeper understanding of the FWT drivetrain is crucial in the de-risking of offshore wind turbine designs. The nature of the load effects on a FWT is different as compared to a land-based WT due to the presence of wave-induced responses. The first study on a spar-type FWT drivetrain was performed by Xing et al. [22] . In this paper, the main shaft loads and internal drivetrain responses in terms of the mean values and standard deviation values were compared between the FWT and WT.
It was found that there is a general increase in the responses, especially in terms of the standard deviations.
The investigation in this paper is largely based on the comparisons of the main shaft loads and internal drivetrain responses. Both operational and parked load cases are compared in terms of the main shaft loads. Only operational load cases are considered for the internal drivetrain responses. The investigation proceeds in three parts. First, the comparison work in Xing et al. [22] is further extended. Maximum values and frequency spectra are now also compared. More comparisons of the mean values and standard deviations will also be presented. Second, the individual drivetrain inputs 
SYSTEM DESCRIPTION
The FWT system will be described in two parts: first, the WT system and second, the designed floating system.
The wind turbine and drivetrain
The WT from the National Renewable Energy Laboratory's (NREL's) Gearbox Reliability Collaborative (GRC) project [23] is used. The GRC WT is a 750 kW stall-regulated, fixed-speed, three-bladed upwind WT. See Figure 1 for the GRC WT steady-state system characteristics. The WT is parked above the cut-out wind speed of 25 m/s. The GRC gearbox has one planetary stage, two parallel stages, and uses the three-point support system. The input and output shafts are not co-axial. Its topology is similar to those of the larger conventional MW gearboxes seen today. The GRC drivetrain and gearbox are shown in Figure 2 . The gearbox topology with the naming convention for each individual bearing is presented in 
The floating spar system
A spar-type FWT system was designed for the GRC WT for the purpose of producing realistic loading conditions for the GRC drivetrain. The system's schematic and main characteristic parameters are presented in Figure 4 and Table   I respectively. This is a catenary moored spar system that uses three mooring lines with fairleads located on the spar circumference. The main purpose of the mooring lines is station-keeping in surge and sway. The delta mooring layout provides extra yaw stiffness and the clumped weights increase the pre-tension in the mooring lines. The pitch and roll motions of this FWT system are primarily ballast-stabilised. This is provided by the large roll and pitch hydrostatic restoring moments due to the low centre of gravity. There are no yaw hydrodynamic excitation forces. The wind, however, does excite the system in yaw. There are also some yaw excitations due to the rotor gyroscopic effect, but these are relatively small. There are limited motions in heave due to the small water plane area and deep draft. The draft and diameter of the spar were selected to achieve below a 5-degree static pitch displacement at 150 per cent maximum aerodynamic thrust.
The natural periods in heave, roll and pitch are designed to be above 20 seconds, i.e. above the wave peak periods. The yaw natural period is designed to be below five seconds, i.e. below the wave peak periods. Special care has been applied to avoid Mathieu instability by ensuring that the ratio between the heave and roll/pitch natural periods are not in the ratios of 0.5, 1, 1.5, 2.0, etc. [24] .
Simo/Riflex [25, 26] , in combination with an external simplified aerodynamic thrust calculation dynamic linked library (DLL), has been used extensively for the design of this FWT system. Simo/Riflex is developed by Marintek and has been widely applied to perform coupled response analysis of moored offshore structures under hydrodynamic loading. Simo solves the hydrodynamic multibody problem, while Riflex solves the mooring line problem using a FE approach. The external DLL calculates the aerodynamic thrust loading at the hub as a function of the thrust coefficient and the relative wind velocities the hub experiences. The coupling of Simo/Riflex/external DLL, therefore, solves the coupled wave-wind induced FWT dynamic problem. It has been shown that this method is sufficient for obtaining accurate global responses [27] . This method has also been applied for the global response analyses of spar, semi-submersible and tension-leg type
FWTs [27, 28, 29] . This simplified DLL, however, can only provide accurate rotor thrust loads. The Simo/Riflex/external DLL method was used to calculate the dynamic responses of the designed FWT at all the load cases presented in Table II .
The global responses were checked for all these load cases under different unidirectional wave and wind headings from 0 to 90 degrees. Different headings are required as the incoming wind and wave are asymmetrical to the three-line mooring layout except at angular intervals of 60 degrees. This asymmetrical heading induces coupled roll-pitch-yaw motions. The mooring load distributions for each individual line were also checked. Figure 5 for an illustration of the application of these loads and motions on the drivetrain model. The main shaft loads, i.e. forces and moments, are applied at the end of the main shaft where the rotor hub is connected. The nacelle motions are applied on a dummy body where the drivetrain is placed on.
THEORY AND METHODOLOGY
This decoupled approach does not consider the effect of the feedback forces of the gearbox on the rotor. The feedback forces from the gearbox should be relatively small. This is because the gearbox has eigenfrequencies that are much higher compared to the wind turbine structure. The first drivetrain eigenmode, which is of relatively lower frequency, is however included in the HAWC2 model through a single degree-of-freedom (DOF) torsional spring-damper system. This single DOF spring-damper system models the feedback of the drivetrain dynamics on the global aero-hydro-elastic-servo model.
The theory and methodology of the global aero-hydro-elastic-servo analysis, the multibody simulation of the drivetrain model, the environmental conditions applied and the extreme value estimation used in this paper are discussed further in the following sub-sections.
Global aero-hydro-elastic-servo floating wind turbine simulation using HAWC2
In HAWC2, the FWT/WT structure is modelled using multibodies consisting of Timoshenko beam elements. The deflections are small and linear within a body [30, 32] . Large deflections, i.e. geometrical nonlinearity, can be considered by using the geometrical substructuring technique. This means to model a component, e.g. the blade, using several bodies.
Further details on the geometrical substructuring technique and its application to beams can be found in Xing et al. [33] and Wu et al. [34] .
The aerodynamic loads are calculated using the blade element momentum method with various engineering corrections that account for dynamic inflow, dynamic stall, skew inflow, shear effects on induction and effects from large deflections.
For example, the MHH Beddoes method [35] is used as the dynamic stall model and the Prandtl tip loss [36] model is applied to account for tip loss. Aerodynamic drag on the tower and nacelle is also included. Tower shadow effects are also accounted for. The potential flow method is used to describe the tower shadow as it is, in the case for an upwind turbine, better than a jet model [30] .
The hydrodynamic loads are calculated using the Morison formula [37] . This formulation is well suited for slender structures where the spar diameter is much smaller than the wave length. The floating spar platform, studied in this paper, is in this category. According to the Morsion formula, the hydrodynamic loads acting at a strip along the length of the slender structure is given by does not provide heave excitation and buoyancy forces. These are accounted separately in HAWC2 using a simplified pressure integration method. Details of this can be found in Karimirad et al. [38] .
The mooring lines are modelled using force elements implemented as DLLs. The mooring forces are represented using a quasi-static force model that utilises the two-dimensional load-displacement relationships. This model accounts for the coupling of the mooring lines in the surge/pitch and sway/roll directions, but neglects the inertia and damping effects of the mooring system. This assumption is valid as the mass of the mooring lines is small as compared to the spar platform.
The damping of the mooring lines is due to the viscous forces they experienced. These forces have limited contributions to the global responses of the spar floater. Furthermore, this model does not provide any information on the mooring line tension distribution. See Figure 6 for the mooring surge force and pitch moment when the spar is displaced in the surge and pitch directions. These mooring relationships are obtained from Simo/Riflex static calculations.
The generator model, which is a Thevenin generator, is implemented as a force element DLL. The generator torquespeed curve is presented in Figure 7 . In addition, as mentioned in the Section 3, the drivetrain is modelled in the FWT/WT structure using a single DOF torsional spring-damper system. 
Multibody simulation of the drivetrain using SIMPACK
In SIMPACK, each component of the drivetrain is modelled as a rigid or flexible body, and interconnected using joints, force elements and constraints. Model fidelity study of the same FWT drivetrain under environmental loads was performed previously in Xing et al. [22] . The study concluded that a drivetrain model that utilises six dofs rigid gear wheels with tooth compliance, bearing compliance and flexible shafts was sufficient to produce accurate results for the mean values and standard deviations of most internal drivetrain response variables. The results of this model fidelity study are presented in the Appendix. This level of model detail is, therefore, used in this paper. The SIMPACK model topology diagram of the drivetrain is presented in Figure 8 (Only one planet gear is shown for ease of understanding). As an example to explain the connection sequence, the connection of the planet gear to other bodies in the model topology will briefly described here.
The planet gear is connected to the planet pin through a six-degree of freedom joint and two force elements that model the bearings (PL-A and PL-B). The planet gear is also connected to the ring and sun gears through force elements that model the tooth contact forces. A proportional-integral velocity controller is applied at the end of the high-speed shaft to model the generator. This velocity controller uses the generator speed obtained from the HAWC2 simulations as reference, and calculates the generator torque, T as:
where ω − ω ref and The bearings are modelled as force elements using diagonal linear stiffness matrices with clearances considered.
The following response variables are studied: (i) tooth contact forces, (ii) bearing forces and (iii) gear deflections. There are obviously many other interesting response variables that can be studied, but the study here will be limited to this handful of response variables.
Environmental conditions
The Statfjord site is used as a representative site for the FWT installation. This is an oil and gas field that is operated by
Statoil in the Norwegian sector of the North Sea, and located at 59.7N and 4.0E, 70 km from the shore. Simultaneous wind and wave measurements were taken at this site from 1973 to 1999, and the data smoothed and empirically fitted [40] . This is used to correlate the wind and wave in the load cases studied in this paper. The load cases are presented in Table II, cover a range of operating and parked conditions. It is also to be noted there are currently no IEC standards for FWTs and the current IEC standards for offshore wind turbines, IEC 61400-3 [41], apply only to offshore bottom-fixed WTs. The selected load cases are meant to be generalised operating and survival conditions. A more complete range of load cases should be considered in future research work, but is out of the scope of this paper. The fitting formulae for the expected significant wave height, E(HS) (m) and expected wave peak period, E(TP ) (s) as a function of the mean ten minute wind speed at ten metres, V (m/s) are
where α = 2 + 0.135V and β = 1.8 + 0.1V 1.322 , and A ten-per cent increase in the mean wind speed is used to scale a one-hour mean wind speed to a ten-minute one [9] .
Furthermore, the power law (using a power coefficient of 1/7) is applied to scale the wind speed at the ten-metre height to the wind speed at hub height.
Linear wave theory (Airy theory) is applied together with wheeler stretching to describe the wave kinematics. The Joint North Sea Wave Project (JONSWAP) wave spectrum is used to represent the long-crested irregular waves. The spectrum is given as:
The unit of SJS(f ) is m 2 /s. f is the wave frequency (Hz), γ is the shape factor, SP M (f ) is the Pierson Moskowitz spectrum (m 2 /s), σ is a constant that relates to wind speed and fetch length and fp is the peak wave frequency (Hz). γ = 3.3, representing a developing sea is used. It is mentioned that γ = 1.0 represents a fully developed sea. Values of σ = 0.07 when f <= fP and σ = 0.09 when f > fP are also used. Refer to Faltinsen [37] for more detailed explanations on wave environment modelling.
The Mann uniform shear turbulence model is used to generate the turbulent wind field. This model assumes that the isotropic von Karman energy spectrum is distorted rapidly by an uniform, mean velocity shear. A three-dimensional velocity spectral tensor is also defined, making it unique from other models. Further details of this model can be found in Mann [42, 43] . Class C, which is dedicated to offshore wind turbines is used to define the turbulent intensity. 
Extreme value estimation
The extreme value is the maximum in a set of finite number of independent and identically distributed random variables.
Extreme value statistics for responses over a certain time period, e.g. one or three hours, can be calculated by using the regularity of the tail region of the mean up-crossing rate. The up-crossing of high response values are statistically independent events [44] , and thus a Poisson probability distribution is assumed for the extreme values. The cumulative distribution function for a response variable is then given by
where υ time-domain simulations of stochastic realisations. The up-crossing rate is assumed to be in the following form: See Figure 9 for an example of the extrapolation of the INP-A bearing axial forces in the LC4 case (Table II) Observe that up-crossing rates of 10 -4 , 10 -5 and 10 -6 give about 36%, 91% and 99% fractal respectively. Observe also that an up-crossing of 10 -4 gives a maximum value that is close to the most probable maximum. The maximum values presented in this paper (Sections 5 -7) are obtained using five one-hour simulations and extrapolated with a up-crossing rate of 10 -5 . 
FLOATING WIND TURBINE GLOBAL RESPONSE CHARACTERISTICS
Unidirectional wind and waves directed along the positive x-axis in the global frame ( Figure 4 ) are considered in this paper. Figure 10 presents the statistical responses of the most important nacelle motions (surge and pitch) experienced under the different load cases. The results are based on one-hour simulations calculated using HAWC2. Figure 11 presents the frequency spectra of the nacelle surge and pitch motions in the LC4 case. As observed in these frequency spectra, the maxima occur at the wave peak period. This means that the standard deviations of nacelle motions are primarily wave induced. The mean values, on the other hand, are primarily wind-induced [8] .
COMPARISONS OF RESPONSES, FWT VERSUS WT
The mean values and standard deviations of the main shaft loads and internal drivetrain responses of the FWT and WT were compared in Xing et al. [22] . It was found that there is a general increase in the main shaft loads and internal drivetrain Note that none of the maximum values from the LC6 and LC7 load cases are higher than the LC4 and LC5 load cases. This means a higher percentage increase in a particular response value in the LC6/LC7 load case as compared to the LC4/LC5 load case is not critical. It is, therefore, important to focus on the LC4 and LC5 load cases when comparing the maximum values. 
Comparisons of main shaft loads
The comparisons of the main shaft loads at different load cases are presented in Figure 12 . The results are presented as the percentage differences of the FWT response value versus the WT response value, i.e.
The comparisons of the main shaft loads frequency spectra of the FWT and WT at the LC4 case are presented in Figure   13 .
There The comparisons of the frequency spectra show that the extra contributions in the FWT case are mainly wave-induced as they are primarily associated with the wave excitation frequencies and the platform natural frequencies, i.e. platform heave and pitch. This means that the increases in the standard deviations of the main shaft loads in the FWT are mainly wave-induced. Note that the horizontal axes are in logarithmic scale. This means that the differences in the low frequency part are visually exaggerated, and therefore, any big differences in the frequency spectra of the main shaft in this region are in fact small. Also note that since the standard deviations of the shear forces are small, the increase in the area in the frequency spectrum of the FWT shear forces in Figure 13 is also in fact small. 
Comparisons of internal drivetrain responses
In this section, the comparisons of the internal drivetrain responses are presented. The results are presented in Tables III -V 
INVESTIGATING INDIVIDUAL CONTRIBUTIONS TO FWT INTERNAL DRIVETRAIN RESPONSES
In this section, the individual contributions to the FWT internal drivetrain responses are investigated. This is achieved by base case has all the load components are included. These load components are the main shaft non-torque loads, i.e. axial forces, shear forces and bending moments & nacelle motions. Nacelle motions can be understood as inertia loads. The results are presented in Figures 17 -19 as the percentage differences in the responses versus the base case, i.e.
The responses are lower when a load component is not considered, therefore the resulting percentage differences are negative.
The Table VI .
In this table, load components that result in a more than 5 percent differences in the internal drivetrain responses when not included are marked with '+'. The most dominating load component, i.e., the component that results in the largest differences in the responses when not included are marked with '++'.
Tooth contact force The main shaft non-torque loads and nacelle motions have limited contributions to the tooth contact forces. Removing any of the load components do not give rise to more than five per cent decreases in all the tooth contact forces in the gearbox. This means that tooth contact forces are mainly due to the main shaft torques. It is mentioned again that these are the total integrated tooth contact forces. A closer inspection into the comparisons of the face load factors reveal larger differences. The face load factor is the ratio between the maximum tooth contact force and the mean tooth contact force along the tooth flank. The results presented in Figure 17 reveal that the face load factors are heavily influenced by the bending moments in the main shaft. This is as much as minus 40 per cent differences in the standard deviations in the gear teeth in the planetary stage when bending moments are not considered. This is somewhat intuitive as bending in the main shaft misaligns the gears, which leads to higher tooth edge loading. It is also interesting to note that the face load factors of the intermediate-speed gears are also significantly influenced (about minus 20 per cent in standard deviations) by the main shaft bending. The face load factors are also slightly influenced by the main shaft shear forces with about minus five per cent differences when not considered. It is important that due care be exercised when interpreting the results as the level of drivetrain model fidelity employed here might not be sufficient for the convergence of the face load factors. This is because the misalignment of the gears affects the calculation of the face load factors, and it was previously mentioned in Section 3.2 that a fully flexible, high fidelity model is required for converged gear displacements in Xing et al. [22] .
Moreover, for computational reasons, nine gear slices are used per gear contact pair, and this is somewhat not sufficient for a converged face load factor. It was shown in LaCava et al. [45] that 35 gear slices are required for convergence to within 5 per cent. It is mentioned that higher fidelity models were employed in LaCava et al. [45] , where the gears can deflect more, and thus might require more gear slices for convergence as compared to the drivetrain model used in this paper. Furthermore, the flexibility of the ring gear can be important, but this was not modelled. More detailed analyses (that employ a high fidelity model) should be performed if an accurate face load factors are required. Nevertheless, the results presented here do provide the insight that the increase in the bending of the main shaft leads to higher face load factors in the planetary stage, even though the total integrated gear contact forces do not appear to be significantly increased. in the gearbox topology as presented in Figure 3 . In the authors' view, this is an effective method as the increases in the internal drivetrain loads are due to the increases in the main shaft non-torque loads (previously discussed in Sections 5 and 6). The results are presented in Tables VII -VIII as the percentage differences of the 4PT versus the 3PT, i.e. 
Bearing loads
%dif f erence = X4P T − X3P T X3P T × 100%.(10)
CONCLUSIONS
The drivetrain dynamics of a spar-type floating wind turbine (FWT) was studied in this paper. Modelling and simulation of the FWT drivetrain is important to understand its loads and responses, especially in the de-risking of offshore wind turbine designs. The response analysis was carried out in two steps. First, global aero-hydro-elastic-servo analysis was performed in HAWC2 to obtain the loads and motions on the drivetrain. These loads and motions were then used as inputs to a multibody drivetrain model in SIMPACK. A drivetrain model that consisted of six degrees of freedom (dofs) rigid gear wheels with tooth compliance, bearing compliance and flexible shafts was used. The main shaft loads and internal drivetrain responses, which are the tooth contact forces, bearing loads and gear deflections were studied. The investigation was largely based on the comparisons of the mean values, standard deviations and maximum values extrapolated using a 10 -5 up-crossing rate. Both operational and parked cases were considered. The investigation was performed in three parts. First, the responses were compared between the FWT and its equivalent land-based version (WT). Second, the contributions from the main shaft loads (shear forces, axial forces and bending moments) and nacelle motions to the internal drivetrain responses were individually investigated. Last, a four-point support drivetrain system (4PT) was studied and compared against the original three-point support drivetrain system (3PT). The conclusions are presented below. wave-induced responses appear both in the main shaft loads and internal drivetrain response variables. Four-point support system It was found that the 4PT when applied to a FWT drivetrain significantly reduces tooth contact forces and bearing loads in the low-speed planetary stage. This, however, comes at the expense of increased main bearing radial loads, especially in terms of standard deviations.
Contributions of individual main shaft loads and nacelle motions

APPENDIX -MODEL FIDELITY STUDY
The model fidelity study from Xing et al. [22] is presented here. The study looked at three drivetrain models with increasing levels of model fidelity. The model descriptions are presented in the model fidelity study show that the GB02 model (red and yellow bars) is sufficient for reasonable convergence of most internal drivetrain responses, i.e. tooth contact forces and bearing loads, and thus used in this paper. Notice that most of the axial gear displacements require a very high fidelity model, i.e., GB03, to reasonably converge well. It is, however, not practical to use the GB03 models due to the high computational costs involved. As a reference, the GB01, GB02 and GB03 models require one, three and seven days of computational time for an one-hour simulation, respectively. Table IX . Drivetrain models used in the model fidelity study in Xing et al. [22] Model Description GB01 Six DOF rigid gear wheels with tooth compliances and bearing compliances.
GB02 GB01 with addition of shaft compliances.
GB03 GB02 with addition of flexible planet carrier, gearbox housing and torque arms support compliances. 
